INTRODUCTION {#SEC1}
============

Through its dual protein and lipid phosphatase activity, phosphatase and tensin homolog (PTEN) negatively regulates Phosphoinositide 3-kinase (PI3K)/Protein kinase B (Akt) signalling. In doing so, PTEN antagonizes cell proliferation, growth, motility and invasion, senescence and resistance to programmed cell death ([@B1]). The *PTEN* gene is finely regulated under physiological conditions by transcriptional and post-transcriptional mechanisms, and is amongst the most frequently mutated genes in cancer ([@B4],[@B5]). Even modest changes in PTEN activity have measurable impact on tumorigenesis and tumour progression in mouse models ([@B6]). In prostate, lung, breast and colon cancer, loss of a single copy of *PTEN* leads to detectable oncogenic consequences. The remaining copy is typically retained until the development of more aggressive metastatic stages ([@B11],[@B12]). Recent evidence suggests a major role for microRNAs (miRNAs) in the post-transcriptional regulation of *Pten* mRNA ([@B3],[@B13]). The ∼20-nt-long miRNAs direct the miRNA-induced silencing complex (miRISC) towards mRNA target sites in 3′-untranslated regions (3′-UTRs) of mRNAs, leading to their translational repression, deadenylation and decay ([@B16]). Several miRNAs control *Pten* mRNA ([@B13]), and a miRNA--mRNA network involving *Pten* mRNA at its centre has recently been described ([@B15]). Some miRNAs directly target *Pten* mRNA via several sites in its known 3′-UTR. Targeting of *Pten* mRNA by miR-26 and miR-29 families, and miR-19a/b, miR-17, miR-20 and miR-92 miRNAs derived from the miR-17∼92 oncogenic polycistron, has been functionally validated in multiple cancer cell types and/or mouse genetic models ([@B17]). Consistently with an oncogenic role, these miRNAs are often overexpressed and genomically amplified in human tumours ([@B14],[@B23]). Moreover, binding of these miRNAs to other mRNA targets was proposed to result in cross-regulation of the *Pten* mRNA through competition ([@B24]).

The output of miRNA-mediated silencing varies widely between mRNA targets and with cell types, but the mechanistic reasons for this are not fully understood. Recent evidence suggests that differences in miRNA-mediated silencing efficacy may in part be due to an under-appreciated diversity in 3′-UTR isoforms ([@B25],[@B26]). Landmark papers revealed that a majority of human genes encode more than one 3′-UTR isoform ([@B27]). This diversity is established mainly via the use of alternative polyadenylation (APA) signals and to a lesser extent by alternative splicing ([@B27]). The 3-′UTR isoform expression is dynamic; shorter 3′-UTRs often prevail in proliferating and tumorous cells, whereas longer isoforms are more frequent in differentiated, non-dividing cells ([@B28],[@B30]). In addition to miRNA-binding sites, 3′-UTR sequences encode other regulatory sequences and structures including binding sites for RNA-binding proteins (RBPs) that affect translation, mRNA stability and localization ([@B33]). Alternative 3′-UTR isoforms can thus drastically alter the impact of miRNAs, RBPs and structures on gene expression ([@B37]). The role of alternative 3′-UTR isoforms on the expression and functions of *PTEN* has not been systematically examined.

Here, we characterize the dynamic diversity of *Pten* 3′-UTR isoforms and reveal that APAs profoundly regulate PTEN protein dosage. Unexpectedly, long isoforms are mostly refractory to miRNA-mediated silencing. They are more stable and are responsible for the bulk of PTEN protein dosage and signalling functions. We propose that 3′-UTR structures inhibit miRNA-mediated silencing on long *Pten* 3-′UTRs and that regulatory elements may be selectively activated in specific physiological contexts.

MATERIALS AND METHODS {#SEC2}
=====================

Cell culture {#SEC2-1}
------------

NIH3T3 (ATCC) cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% calf serum (Life). For Figure [1C](#F1){ref-type="fig"}, Mouse Embryonic Fibroblasts (MEF)s were isolated from mouse mammary glands and placed in culture using methods based on ([@B40]). NMuMG cells were cultured in DMEM supplemented with 10% foetal bovine serum (FBS) (Wisent) and 5 μg/ml insulin. T47D cells and HEK 293T cells were cultured in DMEM supplemented with 10% FBS. 22RV1 cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% FBS. CaP2 (*Pten* -/-) and P2 (*Pten* -/+) mouse prostate cancer epithelial cell lines ([@B41]) (kindly provided by Dr Hong Wu, UCLA, USA) were cultured in DMEM supplemented with 10% FBS (Wisent), 25 μg/ml bovine pituitary extract, 6 ng/ml Epidermal Growth Factor (EGF) and 5 μg/ml insulin. All cell lines were incubated in a humidified environment kept at 37°C with 5% CO~2~. For cell confluency experiments with NIH3T3 cells, cells were plated on 10 cm dishes at different densities and all cells were collected 1 day later for RNA and protein extractions.

![Alternative polyadenylation signals (PAS) generate an important diversity of *Pten* mRNA isoforms. (**A**) Detailed analysis of the 3′RACE clone validation for each putative consensus in mouse (top) and human (bottom) cell lines. + or - indicates if the consensus PAS is validated or not. A majority of clones using a specific consensus for a given position is indicated with +++. (**B**) Schematic representation of *Pten* 3′-UTR in mouse (top) and human (bottom) showing the position of validated PAS. Arrows indicate the position of the primers that were used for the 3′RACE assay. (**C**) Analysis of 3′-UTR isoforms detected by northern blot in murine cell lines. Schematic on top indicates the position of the two probes used for the northern blot. Probe 1 is localized in the CDS, while probe 2 is in the 3′-UTR. Inferred 3′-UTRs matching validated PAS are indicated on the right of the blots, and RNA ladder is indicated on the left. (**D** and **E**) The effect of cell confluence on *Pten* 3′-UTR isoforms, and PTEN protein level was analysed by northern (D) and western (E) blots. RNA size markers are indicated on the left, and inferred 3′-UTR sizes on the right. Western blot quantification was performed from three independent biological replicate experiments using the Odyssey imaging system (LI-COR), and α-Tubulin was used as a loading control. One-way ANOVA analysis was used to calculate *P*-values (\*\*\**P* ≤ 0.001).](gky666fig1){#F1}

Rapid amplification of 3′ cDNA ends (3′RACE) {#SEC2-2}
--------------------------------------------

The rapid amplification of 3′ cDNA ends (3′RACE) protocol was adapted from ([@B42]). The cDNA was prepared using 5 μg of total RNA and an oligo-dT~12~-anchor primer (Tdo679) using Superscript III reverse transcriptase (Life). The first round of amplification was performed with a gene-specific forward primer and the reverse primer matching the anchor sequence (Tdo680). Conditions for amplification were 98°C/3 min, 64°C/2 min, 72°C/20 min, \[94°C/10 s, 64°C/15 s and 72°C/1 min\] × 29 cycles, 72°C/5 min. Nested polymerase chain reaction (PCR) was done with a second gene-specific forward primer and the same reverse primer. Conditions for the second amplification were 98°C/3 min, \[98°C/10 s, 64°C/15 s and 72°C/5 min\] × 30 cycles, 72°C/5 min. *Phusion* polymerase (NEB) was used for both rounds of amplification. The final PCR products were cloned (StrataClone PCR kit, Agilent Technologies) and sequenced. Sequences with polyadenylation tails longer than 12 nt were considered positives. Sequences of all primers used for this assay are listed in [Supplementary Data (Supplementary Tables S3 and S4)](#sup1){ref-type="supplementary-material"}.

RNA preparation and northern blot {#SEC2-3}
---------------------------------

Total RNA from mammalian cells was prepared using the miRNeasy mini kit (Qiagen). One to five micrograms of total RNA or polyA purified RNA (Oligotex, Qiagen) was electrophoresed on a 1% agarose--glyoxal gel, prepared with NorthernMax-Gly gel prep running buffer (Ambion) and transferred to nylon membranes (Hybond XL, GE). Probes were synthesized using a random primer DNA-labelling system (Ambion) with α-32P dATP or T7 MegaScript kit (Ambion) with α-32P UTP. Hybridization was performed at 42 or 68**°**C overnight in ULTRAHyb hybridization buffer (Ambion) depending on the type of probe used. Following hybridization, membranes were washed, exposed onto an imaging plate and developed using a Typhoon phosphorimager (GE).

3′-UTR isoform specific qRT-PCR {#SEC2-4}
-------------------------------

The cDNA for 3′-UTR isoform-specific quantitative reverse transcription polymerase chain reaction (qRT-PCR) (300 or 3.3; see [Supplementary Tables and Figures S3 and S4](#sup1){ref-type="supplementary-material"}) was prepared using 500 ng of total RNA and an oligo-dT~12~-anchor primer (Tdo679) using Superscript III reverse transcriptase (Life). Each reverse transcription (RT) reaction was diluted 1:4, and the first round of amplification (PCR1) was performed in the standard PCR machine with the following amplification conditions: 98°C/3 min, \[98°C/10 s, 64°C/15 s and 72°C/20 s\] × 25 cycles, 72°C/5 min. PCR1 was diluted 1:1000, and a second round of amplification (qPCR2) was performed in the real-time machine using IQ SYBR green supermix (BioRad). qPCR that amplifies specifically the *Pten* 5.5/6.1 kb isoforms, *Pten* long, *Pten* total and the control gene *Hprt* were performed directly on the RT reactions. Relative differences in RNA levels were calculated with the 2^−ΔΔ*C*t^ method and normalized with *Hprt*. All primers used for these PCRs are listed in [Supplementary Table S6](#sup1){ref-type="supplementary-material"}.

miRNA-specific qRT-PCR {#SEC2-5}
----------------------

For the analysis of miRNAs by qRT-PCR, reverse transcription was performed on 500 ng of totalRNA using miScript II RT kit (Qiagen). RT reactions were diluted 1:40 and qPCR wasperformed using miScript SYBR Green PCR kit (Qiagen) with miScript Primer Assays (Qiagen) specific for miR-92 (MS00005971), miR-19b (MS00005915), miR-20a (MS00001309) and miR-26b (MS00003234). Relative differences in miRNA levels were calculated with the 2−ΔΔ*C*t method and normalized with SNORD25.

Reporter plasmid constructs {#SEC2-6}
---------------------------

The *Pten* 3.3 kb 3′-UTR was used to generate all *Pten* isoform-specific 3′-UTR reporters cloned in pmiRGLO vector (Promega). We note that a previous report suggested that different promoter strengths may modulate miRNA output on reporters ([@B43]). We chose PGK to drive reporter expression under the mild PGK promoter and to favour an advantageous stoichiometry for miRNA-mediated silencing ([@B44]). To mutate each consensus polyadenylation signal (PAS) in the 3′-UTRand produce several reporters individuallyexpressing one of the different *Pten*3′-UTR isoforms, mini genes were synthesized(GenScript) and subcloned into the *Pten*3.3 kb 3′-UTR. Each nucleotide at positions2 and 4 of a functional consensus was mutatedto a cytosine (C), except for the consensus at3255 nt, where a small deletion wasintroduced that covers all PAS consensus. Control reporter constructs containing miRNA binding sites (3X-Bulge and the mutated 3X-Bulge) were cloned as described in ([@B44]). Mutation of miR-29 binding sites on *Pten* 3′-UTR (WT) was done by all-around PCR with non-overlapping primers. Nucleotides corresponding to positions 2, 3 and 4 on the miRNA seed were mutated for each binding site on the 3′-UTR of the WT reporter. The following pairs of primers were used for site 1 and 2 mutation. Site 1: (Tdo2572) 5′-AGCATATTGG**ACG**TAGACAAGGCAGCTAGAGTG-3′ and (Tdo2573) 5′-CTTTAAAATGCACAAACAAACAG-3′; Site 2: (Tdo2574) 5′-AACTTATTGG**ACG**TGAAATTGTTCACTAGCTGTGGTC-3′ and (Tdo2575) 5′-ATTGAAAATGGGACTTCACAC-3′. Two sequential all-around PCR were performed to mutate both sites.

Luciferase assay {#SEC2-7}
----------------

Cells were plated to 70--80% confluency in 24-well plates and co-transfected with 2.1 fmol of each pmiRGLO construct and 2.5 nM of miRNA mimic miR-26a (MSY0000533), miR-19b (MSY0000513) or control (1027280) (Qiagen), or 33 nM of miRNA inhibitor miR-20a (MIN0000529), miR-29a (MIN0000535), miR-92a (MIN0000539) or control (1027271) (Qiagen) using Lipofectamine 2000 (Invitrogen). Forty-eight hours post-transfection, cells were lysed and processed for luciferase assay using the Dual-Luciferase Reporter Assay System (Promega).

Quantitative northern blot analysis on miRNAs {#SEC2-8}
---------------------------------------------

Standard RNA oligos of miR-19b, miR-20a, miR-26a, miR-92a and miR-29a obtained from Integrated DNA Technology (IDT) were each diluted to concentrations ranging from 1 to 40 pg/μl. Total RNA (2.5/4 μg) from NIH 3T3 cells and the standards were resolved on 15% Tris/Borate/EDTA (TBE)--urea gels (Bio-Rad), transferred onto Hybond-XL membranes (Amersham) and ultraviolet-crosslinked. Hybridization was carried out using ^32^P-labelled Starfire probes (miRNA StarFire, IDT) at 25°C overnight in ULTRAHyb Oligo Hybridization buffer (Ambion). Following hybridization, membranes were washed, exposed onto an imaging plate (Fujifilm) and developed using a Typhoon phosphorimager (GE). Intensity of the signals was quantified using ImageJ software (NIH).

Western blotting {#SEC2-9}
----------------

Protein extracts were prepared using lysis buffer (50 mM Tris--HCl (pH 7.4), 150 mM NaCl, 1% IGEPAL CA-630, 1% sodium deoxycholate, 0.1% sodium dodecyl sulphate, 1 mM ethylenediaminetetraacetic acid) supplemented with protease and phosphatase inhibitor cocktails (Sigma and Roche). Proteins were immobilized on Immobilon FL PVDF membranes (Millipore) and probed with the following antibodies diluted in Odyssey blocking buffer (LI-COR): anti-PTEN (D4.3) (1:1000, CST), anti-pAkt S473 (1:250, CST), anti-Akt (1:1000, CST), anti-pS6, S235/236 (D57.2.2E) (1:500, CST), anti-S6 (5G10) (1:1000, CST) and anti-tubulin (DM1A) (1:5000, Abcam). Rabbit and mouse IR dye secondary antibodies (LI-COR Biosciences) were used at 1:10 000. Blots were scanned with the Odyssey imaging system and quantified with the Image Studio Lite software (LI-COR).

mRNA stability assay {#SEC2-10}
--------------------

At 70--80% confluency, NMuMG cells plated on 10 cm dishes were treated with actinomycin-D (5 μg/ml) (Sigma). Cells were then harvested at various times (0--360 min). RNA was extracted (Qiagen) and 2.5 μg of each were resolved in 1% agarose gel. Northern blotting was performed as described before. Each *Pten* isoform was quantified by 3′-UTR isoform-specific qRT-PCR. Half-life was calculated with linear regression analysis (GraphPad Prism). All primer sequences are listed in [Supplementary Table S6](#sup1){ref-type="supplementary-material"}.

Lentivirus preparation and infection {#SEC2-11}
------------------------------------

Short hairpin RNA (shRNA) targeting *Pten* 3′-UTR were designed and cloned according to the instructions provided for the lentiviral pLKO.1-TRC cloning vector. Control shRNA (shc002), shRNAs targeting the coding sequence (CDS; sh931 and sh1159), and shRNA2512 were obtained from Sigma. Sequences of all shRNAs targeting *Pten* 3′-UTR are listed in [Supplementary Table S7](#sup1){ref-type="supplementary-material"}. For lentivirus production, HEK 293T cells were co-transfected with 4 μg of shRNA construct and 2 μg of each lentiviral packaging vectors pMD2.G and psPax2 using Lipofectamine 2000 (Invitrogen). Lentiviral particles were collected 36 and 60 h post-transfection, mixed together and filter sterilized. For cell infection, NMuMG and NIH3T3 were plated at 50--70% confluency in 6-well plates and infected with 1 ml of lentiviral preparations supplemented with polybrene at 4 μg/ml. Cells were selected with 1.5 μg/ml (NMuMG) or 2 μg/ml (NIH3T3) of puromycin for 7 days or longer and collected for RNA and protein analyses.

Preparation of stable cells overexpressing miR-19b and miR-26b {#SEC2-12}
--------------------------------------------------------------

MiR-19b and miR-26b miRNA precursors were amplified and cloned in Lenti-miR vector (SBI). Primers are listed in [Supplementary Table S8](#sup1){ref-type="supplementary-material"}. Lentivirus preparation, infection and selection were done as described for the pLKO.1-TRC cloning vector.

Statistical analyses {#SEC2-13}
--------------------

All data are presented as mean ± standard deviation. Two-tailed Student *t*-test and one-way Analysis Of Variance (ANOVA) analysis were used for comparisons between samples and to determine statistical significance. Pearson\'s correlation coefficient was used to measure the correlation between two sets of samples. Statistical tests were performed with GraphPad Prism.

RESULTS {#SEC3}
=======

APAs lead to an important diversity of *Pten* 3′-UTR isoforms {#SEC3-1}
-------------------------------------------------------------

To capture the diversity of *Pten* 3′-UTR isoforms, we performed 3′RACE analyses on a panel of murine (NIH3T3, NMuMG) and human (22RV1, T47D) cell lines. Forward primers were positioned to capture APAs ∼15 nt downstream of candidate PAS ([Supplementary Tables S1 and S2](#sup1){ref-type="supplementary-material"}; Figure [1A](#F1){ref-type="fig"}). APAs were detected downstream of eight and seven candidate PAS, in mouse and human cell lines, respectively. Amongst them, two clusters of PAS positioned in regions located 300 nt and 3.3 kb (numbered relative to the stop codon) were functional in both mouse and human cell panels (Figure [1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}). Additional APAs were validated further downstream in mouse *Pten* 3′-UTR sequences, at 5.5 and 6.1 kb in the NMuMG cell line. Since 3′RACE is semi-quantitative at best, we turned to northern blot analysis to validate the detected 3′-UTR mRNA isoforms. Consistent with 3′RACE results, a probe complementary to the CDS revealed several specific bands, with two major bands consistent with 300 nt and 3.3 kb APA activity, which were also active in human *PTEN* 3′-UTR (Figure [1B](#F1){ref-type="fig"} and Figure [1C](#F1){ref-type="fig"}, left panel). Northern blot analysis with a probe complementary to mid-3′-UTR sequence confirmed the identity of the bands observed (Figure [1C](#F1){ref-type="fig"}, probe 2). Our results reveal that a diversity of 3′-UTR isoforms are generated through APA usage in mouse and human cells, with conserved isoforms of 300 nt and 3.3 kb in length being dominant in the examined cell lines. These data further indicate that PTEN APA usage is differentially regulated amongst cell types and/or states. Our results are further corroborated by human and mouse GenXpro APA database ([Supplementary Table S5](#sup1){ref-type="supplementary-material"}) ([@B45]).

Cell proliferation can alter APA usage ([@B28]). To examine the impact of cell density on PTEN APA usage, we performed northern blot on RNA isolated from cells cultured at different densities. When NIH3T3 cells were recovered at high cell density (\>95% confluency), all *Pten* 3′-UTR isoforms were increased, except the shortest (APA at 53 nt). Northern blots revealed a switch towards more distal *Pten* mRNA APAs (3.3, 5.5 and 6.1 kb) over the proximal ones (53 and 300 nt) (Figure [1D](#F1){ref-type="fig"}). Interestingly, the two longest 3′-UTR isoforms (at 5.5/6.1 kb) could only be detected at higher density in these cells (Figure [1D](#F1){ref-type="fig"}). Strikingly, the switch to distal APAs correlated with a 1.6-fold increase in PTEN protein expression (Figure [1E](#F1){ref-type="fig"}). Taken together, these results show that *Pten* 3′-UTR isoforms are dynamically regulated by cell density and suggest that longer 3′-UTRs contribute more to PTEN protein dosage.

*Pten* mRNA APAs modulate regulation by miR-29 {#SEC3-2}
----------------------------------------------

*Pten* 3′-UTRs encode validated binding sites for a diversity of miRNAs, including members of the miR-26 and miR-29 miRNA families and miRNAs derived from the oncogenic miR-17--92 polycistron (miR-17/20, miR-19a/b and miR-92a) (Figure [2A](#F2){ref-type="fig"}) ([@B21],[@B22],[@B46]). It is generally assumed that longer 3′-UTRs should lead to more potent regulation by miRNAs as they encode more miRNA-binding sites, whereas shorter isoforms would escape miRNAs regulation ([@B50],[@B51]). We thus set to determine the impact of miRNAs on alternative *Pten* 3′-UTRs. To this end, we designed luciferase reporters driving individual *Pten* 3′-UTR isoforms by mutating and/or deleting the sequence of the validated PAS (Figure [2A](#F2){ref-type="fig"} and 'Materials and Methods' section). Expression of 3′-UTR isoform reporters in NIH3T3 was confirmed by northern blot with a probe mapping to firefly luciferase (FL) CDS (Figure [2B](#F2){ref-type="fig"}). Multiple bands matching the captured 3′-UTR were detected upon transfection of the *Pten* wild-type (WT) 3′-UTR luciferase reporter construct, consistent with the concurrent use of multiple APAs. Constructs engineered to drive expression of individual *Pten* 3′-UTR reporters led to a major band matching the expected size (Figure [2B](#F2){ref-type="fig"}, lower panel). Interestingly, mutation of functional PAS led to usage of other sites, including cryptic sites (although to a minor extent), suggesting that the choice of PAS usage in 3′-UTR biogenesis may be a competitive process (Figure [2B](#F2){ref-type="fig"}, lower panel). We note that this series of experiments raises important questions on the current standards for miRNA-binding site validation using cloned 3′-UTR reporters (see 'Discussion' section).

![*Pten* mRNA APAs modulate regulation by miR-29. (**A**) Schematic of the reporter constructs with varying *Pten* 3′-UTR isoforms used for the luciferase assay. Numbers on top indicate the validated PAS and arrows with numbers underneath indicate predicted miRNA sites. The cross (X) shows mutation of the consensus sequence for the indicated PAS to create reporter constructs, which express specific 3′-UTR isoform. (**B**) Northern blot analysis of the reporter constructs transfected in NIH3T3 cells with a schematic showing the localization of the probe in the FL CDS. (**C**) Quantitative northern blot analysis with RNA oligo standard in picogram (pg). The bar graph underneath the blot indicates the copy number per microgram of isolated RNA in NIH3T3 cells for each miRNA. Note that samples and corresponding standards were imaged from the same blots. Empty lanes were cropped out for clarity. (**D**) Luciferase assay in NIH3T3 and prostate CaP2 cells co-transfected with miR-29 inhibitor and isoform-specific *Pten* 3′-UTR reporter constructs, 300-nt, 2, 3.3 kb and WT or pmiRGlo vector alone (empty). Values are represented as fold change over control treated samples in normalized relative light units (RLU). (**E**) Schematic of the two miR-29 site positions in *Pten* 3′-UTR showing the mutations in the miRNA seed sequence (UGC-ACG) (top panel). Luciferase assay in prostate P2 cells co-transfected with miR-29 inhibitor and *Pten* 3′-UTR reporter (WT) or the same reporter with miR-29 sites mutated, miR-29 mut site 1+2, site 1 or site 2 (bottom panel). All data are presented as mean ± standard deviation from technical triplicates of at least three independent biological experiments. One-way ANOVA analysis was used to calculate *P*-values (\**P* ≤ 0.05, \*\**P* ≤ 0.01 and \*\*\**P* ≤ 0.001).](gky666fig2){#F2}

To identify miRNA-binding sites that could be active in NIH3T3, we quantified the expression of previously investigated miRNAs by quantitative northern blot. Amongst miRNAs examined, miR-29a was the most expressed, followed by miR-92a, while miR-19b, miR-20a and miR-26b were 3--8-fold less abundant (Figure [2C](#F2){ref-type="fig"}). Considering its stronger expression, we further investigated the differential regulation of the *Pten* 3′-UTR isoforms by miR-29a. *Pten* 3′-UTRs encode two predicted miR-29 binding sites, which are missing from the shortest (53- and 300-nt 3′-UTRs) but present in all longer, validated 3′-UTR isoforms (Figure [2A](#F2){ref-type="fig"}). Reporter constructs were co-transfected in NIH3T3 and CaP2 cells with a miR-29 inhibitor or a non-specific control, and reporter expression was quantified by luciferase assays (see 'Materials and Methods' section). In both cell lines, we observed a mild but significant 10--15% de-repression of 2 and 3.3 kb 3′-UTR reporters (Figure [2D](#F2){ref-type="fig"}). As expected, the 300 nt reporter was not affected by miR-29 inhibitors. Interestingly, expression of multiple 3′-UTR isoforms from the WT construct seemed to impair silencing of reporters overall in both NIH3T3 and in CaP2 cells, in comparison with constructs encoding only the 2 and 3.3 kb 3′-UTRs. De-repression of the WT reporter mRNAs was not significant in NIH3T3 or CaP2 cells (Figure [2D](#F2){ref-type="fig"}). To confirm that the observed repression was due to the direct binding of miR-29 to the *Pten* 3′-UTRs, the two miR-29-binding sites were mutated individually or together and the reporters were tested in P2 cells, wherein miR-29 silencing of the WT 3′-UTR reporter is significant (Figure [2E](#F2){ref-type="fig"}, top panel). Mutation of both miR-29 sites completely abolished repression of the WT reporter mRNA in P2 cells (Figure [2E](#F2){ref-type="fig"}, lower panel).

Together with the dynamic nature of *Pten* 3′-UTR expression observed above, these results indicate that *Pten* 3′-UTR APA choice, isoform representation and co-expression can either potentiate or impair miR-29-mediated silencing.

*Pten* 3′-UTR isoforms are largely refractory to miRNA-mediated silencing {#SEC3-3}
-------------------------------------------------------------------------

We next examined the response of *Pten* 3′-UTRs to predicted binding sites for other co-expressed miR-26, miR-19, miR-17/20 and miR-92, which have been validated in human cancer and mouse models (Figure [2A](#F2){ref-type="fig"}). Constructs encoding each 3′-UTR isoform reporter were co-transfected with miRNA mimics or inhibitors, as previously ([@B44]). Surprisingly, no silencing was observed with any of the *Pten* 3′-UTR reporter constructs for any of the four miRNAs or their families (Figure [3A](#F3){ref-type="fig"}). Luciferase assays were carried out side by side with positive (3X-Bulge-miRNA) and negative (3X-Mut) control reporters and co-transfected with the corresponding miRNA inhibitor or mimic (Figure [3A](#F3){ref-type="fig"}). Constructs expressing 3x-miR-19, 17/20, 92 and 26 reporters under the same promoter were efficiently silenced (60--80%), whereas 3XMut reporters were de-repressed to levels comparable to inhibitor co-transfections. The same experiments were repeated for miR-19 and miR-26 in the CaP2 cell line with similar results ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). We further challenged endogenous *Pten* 3′-UTRs with enforced levels of miR-19b and miR-26b. For this, we transduced NIH3T3 cells with lentiviral particles driving expression of either miRNAs, and isolated stable overexpressing populations (Figure [3B](#F3){ref-type="fig"}). Despite the overexpression of miR-19b by 30--60-fold and miR-26b by 5--10-fold, no effect on endogenous PTEN protein was observed (Figure [3C](#F3){ref-type="fig"}). Similar results were observed in NMuMG cells ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Collectively, these results show that *Pten* 3′-UTR isoforms are largely refractory to silencing by many, but not all, miRNAs, whether expressed from a reporter construct or endogenously.

![*Pten* 3′-UTR isoforms are largely refractory to miRNA-mediated silencing. (**A**) Luciferase assays in NIH3T3 cells co-transfected with isoform-specific *Pten* 3-′UTR reporter constructs and miRNA mimic or inhibitor. Control 3X-Bulge (3X) and 3X-mutated (3X mut) miR-19, mir-20, miR-26 and miR-92 binding site reporters were used as a positive control with their corresponding miRNA mimic or inhibitor (as indicated). (**B**) Quantification of mature miRNAs by qRT-PCR following infection of NIH3T3 cells with lentivirus expressing control, miR-26b or miR-19b. (**C**) Quantification of PTEN by western blot in stable infected cells from three independent biological replicate experiments using the Odyssey imaging system (LI-COR). α-Tubulin was used as a loading control. Two-tailed Student's t-test or one-way ANOVA were used to calculate P-values (\*\*P ≤ 0.01 and \*\*\*P ≤ 0.001). Data is presented as as means +- standard deviation. ns: not significant.](gky666fig3){#F3}

Longer *Pten* 3′-UTR isoforms are more stable {#SEC3-4}
---------------------------------------------

The previously characterized *Pten* 3′-UTR is thought to be the focus of several post-transcriptional regulation mechanisms. Like many other such mechanisms, miRNA-mediated silencing is in good part effected through mRNA destabilization and decay. We thus sought to determine the half-lives of individual *Pten* mRNA 3′-UTR isoforms by performing an mRNA decay time course. Replicates of NMuMG cells were treated with actinomycin-D and mRNAs were allowed to decay *in vivo* without transcription over a course of 360 min. Total RNA was isolated, resolved and *Pten* mRNAs were detected in high-resolution northern blot with a probe complementary to its CDS (Figure [4A](#F4){ref-type="fig"}). Approximately 300 nt, 3.3, 5.5 and 6.1 kb *Pten* 3′-UTR isoforms were readily detectable and their decay traceable within the 6 h time frame, but the group of isoforms derived from the ∼3.3 and 5.5/6.1 kb APAs could not be fully resolved. We thus developed and validated a 3′-UTR isoform-specific qRT-PCR strategy to precisely quantify the 300 nt and 3.3 kb isoforms ([Supplementary Figures S3 and S4](#sup1){ref-type="supplementary-material"}; 'Materials and Methods' section). Half-lives of the longer 5.5/6.1 kb isoforms were quantified by qRT-PCR using primers located downstream of the 3.3 kb APA isoforms. An mRNA with a long half-life, *Hprt*, was used as normalizing control and the unstable *c-Myc* mRNA was used to validate actinomycin-D treatment for each experiment ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). The relative expression of *Pten* 3′-UTR isoforms at each time point was plotted, linear regression of decay courses yielded curves with *R*^2^ values \>0.8, and each mRNA isoform half-life was calculated (Figure [4B](#F4){ref-type="fig"}). Statistically, the long 3.3 kb (half-life: 258 min) and 5.5/6.1 kb (half-life: 254 min) 3′-UTR mRNA isoforms had the same half-lives, and both were significantly more stable than the short 300 nt 3′-UTR isoform (186 min) (Figure [4B](#F4){ref-type="fig"} and [C](#F4){ref-type="fig"}; [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). Polysome gradient distribution of the 300 nt, 3.3 and 5.5/6.1 kb isoforms suggest that longer isoforms are translated as efficiently, if not more efficiently than the 300 nt 3′-UTR isoform (performed as in ([@B52]); [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). These data are consistent with longer *Pten* 3′-UTRs being refractory to the de-stabilization and translational repression activities mediated by miRNAs, and thus stand at odds with the large number and diversity of binding sites they encode. These results also suggest that *Pten* 3′-UTR isoforms may distinctly contribute to PTEN protein dosage.

![Longer *Pten* 3′-UTR isoforms are more stable. (**A**) Representative northern blot with NMuMG cells showing the decay of each *Pten* 3′-UTR isoform upon actinomycin-D (Act-D) treatment. Cells were harvested at 0, 30, 60, 120, 150, 180, 240, 300 and 360 min post-treatment. Dimethyl sulfoxide (DMSO) was used to solubilize Act-D and served as a mock control. (**B**) Each *Pten* 3′-UTR isoform was quantified with the specific isoform qRT-PCR assay, *Pten* 300, *Pten* 3.3 and *Pten* 5.5/6.1. c-Myc mRNA was used as a positive control for the Actinomycin-D treatment and was also quantified by qRT-PCR. Total mRNA was normalized with *Hprt*, and mRNA half-life was determined by linear regression analysis. (**C**) The bar graph shows the half-life in minutes calculated for each *Pten* 3′-UTR isoform, 300-nt, 3.3, 5.5/6.1 kb and positive control c-Myc from the qRT-PCR analysis. Data shown are means ± standard deviation from four independent biological experiments. A two-tailed Student's *t*-test was used (\**P* ≤ 0.05).](gky666fig4){#F4}

Longer 3′-UTR isoforms dictate PTEN protein dosage {#SEC3-5}
--------------------------------------------------

We sought to determine the contributions of *Pten* 3′-UTR mRNA isoforms to PTEN protein dosage. To this end, we aimed to modulate the longer *Pten* 3′-UTR mRNA isoforms independently of the shorter ones (53 and 300 nt). We took advantage of a battery of 12 shRNAs targeting sequences designed along the long 3′-UTRs in a region between the PAS located at 300 nt and 2 kb (Figure [5A](#F5){ref-type="fig"}). Following transduction and selection, we quantified the effect of each shRNA on *Pten* 3′-UTR isoforms using isoform-specific qRT-PCR assays, as described above. Individual shRNAs impacted differentially on the long isoforms, ranging from 80% knockdown to no significant effect. In contrast and as expected, none of the shRNAs tested significantly reduced the expression of the short 300 nt isoform. Curiously, this isoform increased slightly with some of the shRNAs targeting the long isoforms, possibly through APA competitive effects (Figure [5B](#F5){ref-type="fig"}, *Pten* 300). Concurrently, PTEN protein levels were quantified using quantitative western blot (see 'Materials and Methods' section). Knockdown of the long isoforms decreased PTEN protein expression to different extents and by up to ∼75% (Figure [5C](#F5){ref-type="fig"}). By comparing changes in the mRNA isoform and protein expression in the different knockdown lines, we noticed that expression of long 3′-UTR isoforms seemed to correlate best with PTEN protein expression (Figure [5D](#F5){ref-type="fig"}). Correlation was strong for 3.3 kb (*r* = 0.7239) and 5.5/6.1 kb isoforms (*r* = 0.7925), and with the pooled expression of all long isoforms (*r* = 8260; *P* \< 0.0001). In stark contrast, expression of the short 300 nt isoform did not correlate with PTEN protein levels. These results suggest that the long *Pten* 3′-UTR isoforms contribute to the very bulk of the PTEN protein dosage, whereas shorter isoforms (53 nt/300 nt) do not contribute significantly. This further lends support to the view that longer *Pten* 3′-UTR isoform mRNAs are refractory to miRNA-mediated repression in the cells/conditions tested. Because miRNA expression, and 3′-UTR sequences, structures and interactions are intricately linked to cell type, genotype and environmental contexts, we do not claim that this is always the case (see 'Discussion' section).

![Longer 3′-UTR isoforms dictate PTEN protein dosage. (**A**) Schematic showing all 12 shRNAs (shRNA 3′-UTR) used to specifically knockdown the expression of all 3′-UTR isoforms longer than 300 nt without affecting the expression of the short ones, 53 and 300 nt. (**B**) mRNA expression for *Pten* long (all isoforms longer than 300 nt) and each specific 3′-UTR isoform, *Pten* 3.3, *Pten* 5.5/6.1 and *Pten* 300, was quantified by qRT-PCR in NMuMG stable cell lines. Data are presented as *Pten* mRNA fold change for each 3′-UTR shRNA compared to the control shRNA (shc002). (**C**) The effect of each shRNA 3′-UTR on PTEN protein level was analysed by western blot with α-Tubulin as a loading control. The Odyssey imaging system (LiCOR) was used to quantify PTEN fold change level relative to control shRNA. (**D**) Pearson's correlation analysis was performed between the mRNA expression of each *Pten* 3′-UTR isoform (B) and the corresponding PTEN protein level (C). Pearson's coefficient (*r*) values are indicated on the graph with their corresponding *P*-value (\*\*\*\**P* ≤ 0.0001). Data shown in (A--C) are means ± standard deviation of four independent biological experiments. In (D), linear regression and 95% confidence interval are presented.](gky666fig5){#F5}

Long *Pten* 3′-UTR isoforms control PI3K/Akt/mTOR signalling {#SEC3-6}
------------------------------------------------------------

PTEN is a prominent negative regulator of the PI3K/Akt/mTOR signalling pathway ([@B3],[@B4]). Its phosphatase activity reverts the generation of membrane-associated PIP3 by PI3K, which prevents Akt phosphorylation on residues Thr308 and Ser473 and its activation. Downstream events further lead to phosphorylation of ribosomal protein S6 by mammalian Target Of Rapamycin (mTOR) on serine residues 235 and 236. To determine the functional impact of long *Pten* 3′-UTR isoforms on Akt signalling, we used the most potent 3′-UTR shRNAs to generate NIH3T3 stable cell lines. NIH3T3 were chosen for their very low Akt signalling activity in our culture conditions. Lines were also derived for two shRNAs targeting the CDS of *Pten* mRNAs (sh931, sh1159) as positive controls. Knockdown efficiency and specificity were verified using isoform-specific qRT-PCR assays as above (Figure [6A](#F6){ref-type="fig"}). CDS shRNAs decreased the PTEN protein consistently with the extent of knockdown of all mRNAs (Figure [6A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"}). 3′-UTR shRNAs led to a 60--75% reduction of long isoforms and left shorter (53 and 300 nt) 3′-UTR isoforms un-diminished. As with NMuMG, knockdown of long 3′-UTR mRNA isoforms was mirrored by a 55--75% decrease in PTEN protein expression. Activation of Akt was verified by comparing western blots on total Akt protein with the signal from phospho-serine 473 antibody. All 3′-UTR shRNA cell lines tested increased Akt phosphorylation (pAkt S473, median increase 2--4-fold) while the level of total Akt protein remained the same (Figure [6C](#F6){ref-type="fig"} and [D](#F6){ref-type="fig"}). We further examined downstream effects on the cascade by assessing the phosphorylation of S6 ribosomal protein. As with phospho-Akt, phospho-S6 (Ser235/236) was increased (median 2--6-fold) while total S6 protein levels were unchanged (Figure [6C](#F6){ref-type="fig"} and [D](#F6){ref-type="fig"}).

![Long *Pten* 3′-UTR isoforms control PI3K/Akt/mTOR signalling. (**A**) NIH3T3 cells infected with shRNAs targeting either the 3′-UTR or the coding sequencing (3′-UTR or CDS). mRNA expression analysis of specific *Pten* 3′-UTR isoforms (*Pten* long, *Pten* 3.3 and *Pten* 300) by qRT-PCR. All qRT-PCR data are presented as *Pten* mRNA fold change relative to shRNA control. (**B**) PTEN protein quantification analysis and a representative western blot. All bar graph data shown in (A and B) are means ± standard deviation of four independent biological experiments. (**C**) Representative western blots for the analysis of Akt and S6 phosphorylation status after shRNA infection. (**D**) Quantification of Akt and S6 phosphorylation status from four independent biological experiments. The Odyssey imaging system (LiCOR) was used to quantify PTEN, pAkt S473, Akt, pS6 (S235/236) and S6 fold change levels relative to shRNA control, with α-Tubulin as a loading control.](gky666fig6){#F6}

These significant changes in Akt and S6 activation without reduction in shorter 3′-UTR isoforms indicate that longer *Pten* 3′-UTR mRNAs contribute to most of the protein dosage and can account for the bulk of its activity in the PI3K/Akt/mTOR cascade. These results further support the conclusion that longer 3′-UTRs isoforms of *Pten* mRNA are more stably expressed due to their refractory nature to miRNA repression in the cell types tested.

DISCUSSION {#SEC4}
==========

Dosage of PTEN protein is critical for its tumour suppressive functions ([@B10]). Whereas recent publications have highlighted the importance of post-transcriptional mechanisms for the control of PTEN expression, no systematic assessment of alternative *Pten* mRNA 3′-UTRs, or their interplay with miRNAs, had been reported. Here, we show that an important diversity of co-expressed *Pten* 3′-UTR mRNA isoforms are generated by APA usage and that their relative expression is dynamically controlled by cell density. Most importantly, we found that in spite of the diversity of validated miRNA-binding sites they encode, longer 3′-UTRs are largely refractory to miRNA-mediated silencing and account for the bulk of PTEN protein dosage. This is supported herein through four distinct direct lines of evidence. Firstly, long *Pten* 3′-UTR isoforms did not respond to inhibition or overexpression of miRNAs whether endogenously or when expressed from reporter constructs. In parallel, reporters encoding 3X miRNA-binding sites responded potently. Secondly, the long 3′-UTR isoforms were significantly more stable than the shorter 300 nt isoform, which encodes much fewer miRNA-binding sites. Thirdly, the extent of knockdown of longer *Pten* 3′-UTR mRNA isoforms closely correlated with changes in PTEN protein, in spite of co-expression of the shorter 3′-UTR isoforms. Lastly, activation of PI3K/Akt/mTOR signalling was observed upon specific knockdown of longer *Pten* 3′-UTR isoforms, while shorter ones remained expressed. Shorter *Pten* 3′-UTR isoforms thus fail to compensate for loss of longer 3′-UTR isoform mRNAs, either functionally or for the overall PTEN protein load.

Several factors could explain why longer *Pten* 3′-UTR isoforms are refractory to miRNA-mediated regulation. Folding structures of longer 3′-UTRs can impinge on miRNA-binding site accessibility and output ([@B38]). A miRNA-binding site encoded near either ends of long 3′-UTRs exerts a more pronounced effect than when positioned in the middle of the 3′-UTR, and this effect is more pronounced for 3′-UTR longer than 1.3 kb ([@B53]). 3′-UTR folding structures could affect accessibility to miRISC or the consequent assembly and activation of the effector complexes such as the CCR4--NOT deadenylase. In support for this hypothesis, modelling the folding of *Pten* 3′-UTR sequences using the MC-Fold algorithm ([@B54]) suggests extensive base-pairing around refractory miRNA-binding sites ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}). Further along these lines, we previously noticed that an increased distance between miRNA-binding sites and the poly(A) tail could significantly slow the deadenylation of target mRNAs ([@B55]). Interestingly, we and others have also shown that re-positioning of miRNA-binding sites closer to poly(A) tails by APAs could potentiate miRNA-mediated silencing ([@B32],[@B55]). miRNAs and miRISC are not the only *trans*-acting factors interacting with 3′-UTRs. Indeed, association of RBPs with 3′-UTRs can also impinge on the efficacy of miRNA sites by either competing with miRNA binding sites or changing the RNA structure ([@B25]), and thus contribute to stabilize longer *Pten* 3′-UTR mRNA isoforms ([@B35]).

Several publications, some of which based on robust mouse genetic models, have supported the targeting of *Pten* mRNAs by miRNAs such as members of the miR-17∼92 polycistron. The reasons why those sites are enabled *in vivo* are intriguing. We reason that alternative 3′-UTR expression, RBPs and/or miRNA concentrations, have co-evolved to specifically potentiate miRNA-mediated silencing of the *Pten* 3′-UTRs in those contexts. However, for several other miRNAs reported to target *Pten* 3′-UTRs, the experimental validation was not as robust. Our results warrant a critical reconsideration of how putative miRNA-binding sites in *Pten* 3′-UTRs were validated. In most cases, authors would report the identification of putative sites based on prediction algorithms. They would then clone a predicted or previously published 3′-UTR in a luciferase reporter and test their response to overexpressed candidate miRNAs. In some cases, a minimal fragment of the 3′-UTR would be sub-cloned in reporters and tested. In effect, this experimental design ignores the diversity of 3′-UTRs that could prevail in the physiological context ([@B25]) and is blind to critical constraints (RBPs, RNA folding) that dictate miRNA-binding site regulation. We reason that any miRNA-binding site validation effort, for *Pten* or any other gene, should be accompanied by an assessment of 3′-UTR expression in physiological contexts or closely related surrogates. Use of miRNA inhibitors and detection of increased protein expression would demonstrate a function for the endogenous pool of a specific miRNA family. Mutation of candidate target sites should be performed in the context of the full-length 3′-UTR. While variants of Argonaute/miRISC cross-linking/immunoprecipitation strategies ([@B56]) certainly can prove that a miRNA-binding site is occupied by miRISC in a fraction of mRNAs, such techniques could not determine which fraction is bound, nor could it prove the sites to drive silencing.

Ultimately, the direct nature of the miRNA--mRNA interaction and its functional impact should be assessed by mutagenesis of the target site itself, ideally in its physiological context, *in vivo*. This design has recently become more accessible through CRISPR genome edition. Traditional rescue strategies introducing a compensatory mutation in the sequence of exogenously provided miRNA would further enhance the demonstration. The first papers where 3′-UTR sites were edited within the genome have begun to emerge. A systematic, critical revisit of all previously 'validated' *Pten* 3′-UTR miRNA-binding sites would thus be timely.
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